channels with measurable currents (data not shown).
(data not shown). However, when all residues within this region were mutated simultaneously to generate radical Smaller N-terminal deletions, such as ⌬2-21, ⌬2-11, or ⌬2-6, however, gave rise to functional Kv4 currents (Fig- changes in charge or size (e.g., AWLPF to WGEFA), modulation by KChIP1 was diminished (Table 1 and Figures 1B-1D ). In general, there was little difference in the activation time constant ( a ) at ϩ50 mV for the mutant ure 1F). channels relative to wild-type Kv4.2, although the inactivation time constant of the ⌬2-21 and ⌬2-11 mutants, 1 , was slower ( Figure 1E ), indicating that residues 7-11 in Kv4.2 are Figure 2B ). This result indicates that in addition to residues 7-11, residues 71-90 are also necessary for modunecessary for modulation by KChIP1.
We next sought to identify critical residues within the lation by KChIP1. We further explored the role of residues 71-90 by mutating individual residues and examining Kv4.2 7-11 region by mutating these residues individually or in combination. Mutation of any individual residue the effects on modulation by KChIP1. Of three point mutations tested (Kv4.2E71R, F74R, and F79L), one in the 7-11 region did not alter modulation by KChIP1 (Kv4.2F74R) showed reduced modulation by KChIP1 interaction with KChIP1. Interestingly, a more C-terminal deletion (Kv4.2N⌬120-130) also disrupted the interac- (Table 1 and Figure 2C) . tion, and a deletion of the neighboring area (Kv4.2N⌬131-150) attenuated the interaction ( Figure 3A ). We were unInteraction of Kv4 and KChIP1 in the YTH System The electrophysiological experiments revealed two doable to explore the necessity of the 120-130 region in KChIP modulation of Kv4.2, as expression of channels mains that were important for modulation of Kv4.2 by KChIP1. To explore the effects of N-terminal Kv4 mutalacking this domain did not yield functional currents (data not shown). tions on the Kv4/KChIP1 protein-protein interaction, we generated mutations within Kv4.2N1-180 and explored Similar to the effects of residues 71-90, deletions within the proximal N terminus (Kv4.2N⌬2-21; Kv4.2N⌬2-their ability to associate with KChIP1 in the YTH system. This approach offered the advantage of allowing us to 11) abolished the interaction with KChIP1 in the YTH system ( Figure 3A) . However, Kv4.2N⌬2-6 interacted assess KChIP association using mutants, such as Kv4.2⌬91-110, that did not yield measurable currents with KChIP1 in a manner comparable to that of wildtype Kv4.2 ( Figure 3A ). In agreement with our electroin oocytes. In agreement with our previous report ( To explore these domains further, constructs were Kv4.2 and KChIP1 ( Figure 3A) , deletion of adjacent regions, e.g., Kv4.2N⌬91-110, did not appear to alter the generated in which individual or multiple residues were Figure 3C ), indicating that residues 71-90 are sufficient to confer an interaction with KChIP1. We also observed a strong interaction using a double chimera, in which residues 7-11 and 71-90 from Kv4.2N were transferred into Kv1.2N (Kv1.2N[4. its a high degree of structural similarity to a region of Kv1.1 that was found to be the site for docking to Kv␤ Kv4.3 T1 Domain Structure ( Figure 5C Figure 5D , red highlighted residues). Howboth electrophysiology and YTH studies, for the purpose ever, residues that are conserved within Kv4 channels of this study, we view the two structures as interchangeare divergent relative to most other Kv channels (cyanable. The truncated Kv4.3 protein, lacking the hydrophohighlighted residues), suggesting these key amino acids bic proximal N terminus, was expressed and purified may play a role in determining the specificity of auxiliary from bacteria as a soluble protein. The structure of the subunit binding. T1 monomer consists of two subdomains or four layers ( Figure 5A ), similar to previously described Kv ␣ subunit structures (Bixby et al., 1999; Kreusch et al., 1998).
KChIP1 Structure
To better understand binding of Kv4 subunits to KChIPs, These two domains are piled along the 4-fold axis of the T1 homotetramer, with the N and C termini of each we also solved the crystal structure of KChIP1. The KChIP1 structure can be divided into two regions, an subunit at opposite faces. The N-terminal domain (green and blue in Figure 5A ) consists of a four-stranded ␤ N-terminal region containing residues 12-95 and a C-terminal region containing residues 96-192. Five ␣ sheet, which is formed by two pairs of antiparallel ␤ strands connected with two short ␣ helices (one is dishelices (H1 through H5) are located in the N-terminal region. Helices 2 and 3 form the first EF-hand and helices torted) and a 15 residue long ␣ helix. The C-terminal domain (red and yellow in Figure 5A ) is formed from a 4 and 5 form the second EF-hand. In the C-terminal region, the EF-hands 3 and 4 are formed by helices H6, ␤ strand, an ␣ helix, then after a turn it finishes with a long 17 residue ␣ helix. There are four zinc ions bound H7 and H8, H9, respectively. H10 is the C-terminal helix. Connecting these ten ␣ helices are nine linker loops. to the T1 tetramer, identified on the basis of high electron density ( Figure 5B ). As in Shal-, Shaw-, and Shab-mam-
The linker loops between EF-hand 1, 2, 3, and 4 form two short antiparallel ␤ sheets, so that the four EF-hands malian Kv channels, each Zn 2ϩ is located at the interface between two adjacent monomers and is involved in inare grouped into two pairs (EF1-EF2 and EF3-EF4) (Figure 6A) . Each EF-hand has a helix-loop-helix motif that tersubunit contacts (Figures 5A and 5B) Neurocalcin, Recoverin, and Frequenin, the four EFmay contribute to interaction specificity with target proteins. hands of KChIP1 form a compact array on one face of the protein ( Figure 6A) .
Upon generation of a space-filling model of the KChIP1 structure and color-coding residues based on The crystal structure of KChIP1 revealed four potential Ca 2ϩ binding EF-hands. However, the X-ray data from hydrodynamic properties, it became immediately apparent that KChIP1 appeared to have two faces, one hydrocalcium anomalous scattering diffraction and the difference electron density map indicated only two bound philic and one hydrophobic ( Figures 6C and 6D ). This bipolar nature of KChIP1 provides a mechanism by Ca 2ϩ ions. These two Ca 2ϩ ions were mapped to EFhands 3 and 4 ( Figures 6A and 6B) . Interestingly, comwhich the hydrophobic proximal N terminus of Kv4 subunits may interact primarily with the hydrophobic face parison with other neuronal calcium sensor (NCS) family molecules shows that the EF3-and EF4-hands of of the KChIP1 molecule, providing an energy-favorable environment that masks the hydrophobic residues and KChIP1, Neurocalcin, and Frequenin are very similar, and both involve Ca 2ϩ binding. However, the EF1-and orients the hydrophilic face of KChIP1 to the cytoplasm ( Figure 6D) . conformation was collected and concentrated for crystallography ml of buffer A with complete EDTA-free protease inhibitors (Roche) studies. using 5 ml buffer A per gram cell pellet. Cells were lysed by 2 Crystallization conditions for the Kv4.3 T1 were determined from passages through a French press, then Triton X-100 was added to the sparse matrix screen (Emerald BioStructures). Screening was the lysate to achieve a final concentration of 1%. Inclusion bodies done using hanging drop vapor diffusion by combining 1 l of protein were harvested by centrifugation at 30,000 ϫ g for 10 min at 4ЊC. solution ‫7-6ف(‬ mg/ml in 25 mM Tris [pH 7.4], 100 mM NaCl, 10 mM The supernatant was decanted and the pellet was resuspended in DTT, and 1 mM ZnCl 2 ) with 1 l of well solution (1 ml) at both 18ЊC ddH20 and centrifuged again. 
As KChIP1 appears to exist as a monomer EF2-hands in Neurocalcin and

